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The organ of Corti harbors highly specialized sensory
hair cells and surrounding supporting cells that are
essential for the sense of hearing. Here, we report a
single cell gene expression data analysis and visual-
ization strategy that allows for the construction of a
quantitative spatial map of the neonatal organ of
Corti along its major anatomical axes. The map dis-
plays gene expression levels of 192 genes for all
organ of Corti cell types ordered along the apex-to-
base axis of the cochlea. Statistical interrogation of
cell-type-specific gene expression patterns along
the longitudinal gradient revealed features of apical
supporting cells indicative of a propensity for prolif-
erative hair cell regeneration. This includes reduced
expression of Notch effectors, receptivity for canon-
ical Wnt signaling, and prominent expression of early
cell-cycle genes. Cochlear hair cells displayed ex-
pression gradients of genes indicative of cellular dif-
ferentiation and the establishment of the tonotopic
axis.
INTRODUCTION
The organ of Corti is the mammalian organ of hearing and har-
bors some of the most rare and unique cell types of the body.
Organized in single longitudinal rows of 800 cells in the adult
mouse (Ehret and Frankenreiter, 1977), the organ of Corti cells
are arranged in a medial-to-lateral pattern with the more abun-
dant cells of the greater epithelial ridge (GER) defining the medial
side (Figure 1A). Laterally situated to the GER are consecutive
rows of inner border cells, sensory inner hair cells (IHCs), inner
phalangeal cells, and inner and outer pillar cells, followed by a
mosaic of three rows of sensory outer hair cells (OHCs) and Dei-
ters’ cells. Whereas the integrated function of some individual or-
gan of Corti cell types, particularly of the sensory IHCs andOHCs
are well-described (Hudspeth, 2014), the role(s) of the various
non-sensory supporting cells are much less understood. The
paucity and inaccessibility of organ of Corti cells have mademo-
lecular studies challenging. Single cell technology provides an
opportunity to overcome such challenges and to study gene
expression in the organ of Corti comprehensively.CHere, we describe a single cell data analysis and visualization
strategy to generate a quantitative gene expression map along
the major anatomical axes for all cell types of the organ of Corti.
We utilized reporter mice, fluorescence-activated cell sorting
(FACS), and microfluidic arrays to conduct single cell qRT-PCR
measurements for 192 genes representative of individual organ
of Corti cell types and major and minor signaling pathways. Iter-
ative k-means clustering and principal component analysis
(PCA) was used to classify 808 assayed cells into nine distinct
groups. We then developed a method to rebuild the organ’s
core anatomical features in silico using spatially derived gene
expression information. This strategy resulted in a quantitative,
digital, 2D map of the organ of Corti where cell-type-specific
rows are visualized as 1D trajectories representing apex-to-
base orientations. When compared with existing gene expres-
sion studies, the map’s nine groups faithfully recapitulated
known expression domains that correspond to hair cell and sup-
porting cell subtypes. Moreover, our model revealed distinct
expression gradients in specific cell types along the apex-to-
base axis of the cochlea. Statistical analyses of gene expression
among the different organ of Corti cell types as well as along
the apex-to-base axis revealed a domain-specific interplay of
reduced Notch activity, elevated canonical Wnt activity, and
elevated levels of early cell-cycle genes that could account for
differences in the regenerative potential among supporting cells
in the neonatal cochlea. Likewise, we identified several genes
that representatively visualize emerging tonotopic patterns in
maturing hair cells of the organ of Corti. The general concept
introduced in this study is universally applicable and can be uti-
lized to establish comprehensive 2D maps of other complex
tissues.
RESULTS
Isolation of Organ of Corti Cells
We used six different mouse reporter alleles that in four combi-
nations target specific hair cell and supporting cell subtypes (Fig-
ure 1). Cochlear ducts of postnatal day 2 (P2) mice were divided
into apical and basal pieces and enzymatically separated into
single cells. We then used FACS to isolate individual cells for
subsequent gene expression analysis.
The first mouse line used was Atoh1-nGFP/Fgfr3-CreERT2/
Ai14-tdTomato expressing nuclear localized GFP (nGFP) under
control of an Atoh1 enhancer element (Lumpkin et al., 2003)
in combination with Fgfr3-CreERT2 driver (Young et al., 2010)ell Reports 11, 1385–1399, June 9, 2015 ª2015 The Authors 1385
Figure 1. Sorting of Different Organ of Corti Cell Types
(A) Schematic representation of the mouse organ of Corti at P2 and color code used for different cell types.
(B and C) Fluorescent reporter gene expression in a representative mid-basal P2 organ of Corti cryo-section of the Atoh1-nGFP/Fgfr3-iCreERT2/Ai14-tdTomato
mouse line. Scale bar represents 10 mm.
(D) FACS plot and gating strategy for isolation of GFP-expressing cells (gate 1).
(E–M) Analogous data representation for three additional mouse lines. Scale bars represent 10 mm.
See also Figure S1.and Ai14-tdTomato reporter alleles. nGFP was detected in IHCs
andOHCs aswell as inner border and inner phalangeal cells (Fig-
ures 1B and 1C). Conditional expression of tdTomato was found
in pillar cells, Deiters’ cells, and sporadically in OHCs. We
collected 192 individual nGFP-positive cells (gate 1, Figures 1D
and S1A), which we hypothesized to represent hair cells, inner
border, and inner phalangeal cells. nGFP-tdTomato double pos-
itive cells were not specifically gated as these presumptive
OHCs were traceable based on detection of the recombined
tdTomato allele (Figures S2A and S2A0). An additional set of 96
cells was also included that originated from Atoh1-nGFP mice
(Figure S1E).
The second mouse line combined the Fgfr3-CreERT2/Ai14-
tdTomato alleles with GFP knocked into the Sox2 locus to enrich1386 Cell Reports 11, 1385–1399, June 9, 2015 ª2015 The Authorsfor pillar and Deiters’ cells co-expressing tdTomato and GFP.
Except for Hensen’s cells, GFP was strongly expressed in all or-
gan of Corti supporting cell types, including GER cells located
adjacent to the inner hair cells (Figures 1E and 1F). Two distinct
populations of double positive cells—characterized by different
GFP expression levels—were collected as indicated by gates 3
and 4 (Figures 1G and S1B). In addition, we sorted two popula-
tions that expressed GFP exclusively but again at different inten-
sity levels as shown in gates 2 and 7. We hypothesized that cells
from these two gates correspond to supporting cell subtypes
outside the Fgfr3-domain, namely GER, inner border, and inner
phalangeal cells. Finally, we sampled 12 cells expressing tdTo-
mato alone that served as a negative control and define cell
types from regions outside the organ of Corti (gate 8, Figures
1G and S1B). Applying all five gates we collected in total 480 sin-
gle cells from this mouse line.
Next, we used Sox2-GFP/Glast-CreERT2/Ai14-tdTomato
triple transgenic mice where tdTomato expression was found
in inner border, inner phalangeal, and Hensen’s cells, and in a
mosaic pattern within the GER (Figures 1H and 1I). Ninety-six
GFP-tdTomato double-positive cells were collected in gate 5,
presumptively representing GER cells in excess as well as com-
parable numbers of inner border and inner phalangeal cells (Fig-
ures 1J and S1C).
The fourth mouse line featured GFP knocked into the Lgr5
locus. As previously reported (Chai et al., 2011; Shi et al.,
2012), GFP expression at P2 occurred in inner border cells, inner
phalangeal cells, inner pillar cells, in the third row of Deiters’
cells, as well as in GER cells in close proximity to the inner hair
cell row (Figures 1K and 1L). Ninety-six Lgr5-GFP-positive cells
were sorted from gate 6 (Figures 1M and S1D).
In total, we collected 960 single cells, representative for all hair
cell and supporting cell types of the organ of Corti. For quality
control purposes and downstream analyses, each cell is associ-
ated to a string of metadata that is of non-transcriptional infor-
mation including multi-well plate position, date of experiment,
mouse line, FACS gate, and whether it came from the cochlear
apex or base.
Identification of Organ of Corti Cell Types Based on
Transcriptional Profiles
Each cell was subjected to a series of multi-parallel qRT-PCR
reactions (Table S1). A quarter of the 192 assayed genes re-
presented previously known markers associated with cellular
identities (Table S2). The remaining primer pairs monitored the
activity of signaling pathway-related genes that have been impli-
cated in early inner ear development or were detectable in previ-
ously conducted bulk RNA analyses of neonatal cochlea-derived
cells (Sajan et al., 2007; Sinkkonen et al., 2011). Data were
normalized as previously reported (Durruthy-Durruthy et al.,
2014) and subjected to stringent control evaluation methods,
leaving a total of 877 single cells for subsequent analyses (Fig-
ures S2B–S2H; Table S1).
We hypothesized that a grouping strategy, applied in succes-
sively ranked steps would allow us to classify all 877 cells and
identify the major organ of Corti cell types (Figures 2A and 2B).
For this purpose, we employed k-means clustering (MacQueen,
1967), an unsupervised learning algorithm that associates similar
objects of a given data set (here cells) to an a priori defined num-
ber of clusters. To visualize the multivariate data and recognize
patterns, we performed principal component analysis (PCA) (Jol-
liffe, 2002) and projected the data onto a compressed 2D coor-
dinate system.
We applied this strategy to all 877 cells in an unbiased
approach, disregarding each cell’s associated metadata (i.e.,
mouse line, FACS gate). We hypothesized that the cells could
be initially subdivided into major cell identities, comprising the
presumptive hair cell and supporting cell lineages. PCA recog-
nized two main populations that coincided with afore-defined
k-means clusters (Figures 2B, 2C, and S3A). High levels of
well-described hair cell markers including Pou4f3, Cdkn2d
(p19-INK4d), and Jag2 (Chen et al., 2003; Erkman et al., 1996;CLanford et al., 1999) were associated with one of the two clus-
ters. In contrast, the cells of the other group lacked expression
of hair cell markers and predominantly expressed supporting
cell-associated genes like Jag1, Cdkn1b (p27(Kip1)), and Sox9
(Chen and Segil, 1999; Lanford et al., 1999; Lo¨wenheim et al.,
1999; Mak et al., 2009). To further discriminate within each of
the identified groups of presumptive hair cells and supporting
cells, we iteratively applied our integrative approach to dissect
the data set by successive bifurcations into smaller subpopula-
tions (Figure 2B).
The hair cell population segregated into two subclusters (Fig-
ures 2D and S3B), representing 205 OHCs characterized by
expression of Cdh1 (E-Cadherin), Fgfr3, and Slc26a5 (Prestin)
(Anttonen et al., 2012; Simonneau et al., 2003; Tateya et al.,
2013; Zheng et al., 2000) and 40 IHCs expressing known identi-
fiers Fgf8, Fgf10, and S100a1 (Buckiova´ and Syka, 2009; Pirvola
et al., 2002).
The non-hair cell group of 632 cells was bisected by k-means
into two groups that were notably characterized by either
absence or presence of Fgfr3 expression (Figures 2E and S3C).
Seventy-eight percent of the Fgfr3-negative population originated
from the Atoh1-nGFP/Fgfr3-CreERT2/Ai14-tdTomato line, Sox2-
GFP/Glast-CreERT2/Ai14-tdTomato line, and Lgr5-GFP line
(gates 1, 5, and 6, respectively). According to our sorting strategy,
we expected these gates to contain inner border, inner phalan-
geal, and GER cells. Consistent with this assumption, those cells
were characterized by high Gjb2 and Gjb6 (Connexin 26 and 30)
expression (Zhang et al., 2005). On the other hand, 83% of the
Fgfr3-positive population was derived from gate 3 (Sox2-GFP/
Fgfr3-CreERT2/Ai14-tdTomato), characterized by high levels of
known pillar and Deiters’ cells markers such as Fgfr3 and Prox1
(Anttonen et al., 2012; Tateya et al., 2013).
Reciprocal Etv4 (Mansour et al., 2013) and Dkk3 (Huang et al.,
2011) expression divided the Fgfr3-positive population into pillar
cells and presumptive Deiters’ cells (Figures 2F and S3D). Lgr5
(Chai et al., 2011) and Ngfr (Shim et al., 2005; White et al.,
2006) expression distinguished 99 inner pillar cells from 87 outer
pillar cells that were positive for Dkk3 and Aqp4 (Figures 2G and
S3E). The organ of Corti is equipped with three rows of Deiters’
cells whereby in neonates the third row is distinguishable from
rows 1 and 2 by Lgr5 expression (Figures 1K and 1L) (Chai
et al., 2011). Based on the opposing expression patterns of
Lgr5 and Kcnj10 (Kir4.1), we were able to identify 82 third row
Deiters’ cells (DC3) and 96 cells associatedwith the first and sec-
ond row of Deiters’ cells (Figures 2H and S3F). We refrained from
further subdividing the first two rows of Deiters’ cells due to the
lack of known distinctive markers.
The Fgfr3-negative cell population constituted two subgroups
(Figures 2I and S3G). Cells associated with the smaller group
stem mainly from gate 6, gate 7, and the negative control gate
8. The fact that all negative control cells constituted this popula-
tion (Figure S3J), prompted us to consider these cells as off
target (Figure S3K).
Contemplating all previously identified cell populations, we ex-
pected the remaining Fgfr3-negative cells, which were all Sox2-
positive, to represent either GER cells, inner border cells or
inner phalangeal cells. As expected, 103 presumptive GER cells
isolated mainly from Sox2-GFP/Glast-CreERT2/Ai14-tdTomatoell Reports 11, 1385–1399, June 9, 2015 ª2015 The Authors 1387
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(gate 5) and Lgr5-GFP (gate 6) mouse lines, were identified
based on high Fgfr1 and Dkk3 expression levels (Figures 2J
and S3H) (Hayashi et al., 2010; Huang et al., 2011). In compari-
son, inner border cells and inner phalangeal cells were not only
sorted from the Sox2-GFP/Glast-CreERT2/Ai14-tdTomato and
Lgr5-GFP lines, but also 49% of the cells originated from the
Atoh1-nGFP/Fgfr3-CreERT2/Ai14-tdTomato line gated for GFP
expression (gate 1).Wewere able to separate 96 presumptive in-
ner border and inner phalangeal cells from the GER population
based on characteristic Lfng (Kiernan et al., 2005; Zhang et al.,
2000) and Cdkn1a expression (Figures 2J and S3H). Different
levels of Otol1 (Deans et al., 2010) expression further distin-
guished 27 inner border cells from 69 inner phalangeal cells,
which were characterized by Gjb1 (Lo´pez-Bigas et al., 2002),
Gjb3, as well as Clrn1 expression (Figures 2K and S3I).
In summary, we partitioned all 877 cells into nine subpopula-
tions of distinct presumptive organ of Corti cell types consisting
of two sensory hair cell populations (OHC, IHC) and seven non-
sensory cell groups (GER, IB, IPH, OP, IP, first/second row of
DC, third row of DC) (Figure 2L); 69 off-target cells were
excluded. The groups of cells are not characterized by single
marker gene expression, but rather by the aggregate of all genes
assayed. Likewise, our analysis does not simply apply binary co-
des (i.e., whether a transcript is detectable or not), but uses
quantitative gene expression data. Compared with published
expression studies, which were often not conducted at exactly
the same age (P2) as our study, we generally confirmed previous
reports (Table S2). We contend that the identified nine organ of
Corti-derived groups represent a quantitative and high-resolu-
tion blueprint of the neonatal organ, and we utilized this platform
to reconstruct some of the fundamental spatial features of the or-
gan of Corti in silico.
In Silico Reconstruction of the Organ of Corti
Themorphology of the cochlea resembles a snail shell-like struc-
ture in which organ of Corti cells spiral in rows along the longitu-
dinal apex-to-base axis. Our experimental design allowed for the
identification of apical- and basal-derived cells as we encoded
their origin during the procedural steps of dissection and FACS
(Figures 3A and S1). We hypothesized that instead of utilizing
all genes for principal component calculation (Figures 3B and
3B0) employing only the specific subsets that include differen-
tially expressed genes between apex and base will resolveFigure 2. Sequential Clustering of Organ of Corti Cell Types into Cell T
(A) Legend and color key for (C)–(K).
(B) Subcluster tree of identified populations of all sorted cells across ten levels
groups.
(C) Principal component analysis (PCA) and k-means clustering of all 877 cells. Sh
scores [PC1 and PC2]) visualizing different color-coded parameters. Each data p
factor map indicates six representative genes that are most contributive for dat
components and the original variables (genes), which are called component load
direction can be understood as a measure of how much of variation in a variable
levels of one representative marker is projected onto data, here Jag2 and Jag1. G
(high expression). Bar graphs indicate k-means cluster-related relative contributio
is indicated. Large square plot: cells are colored according to computed k-mean
(D–K) Analogous data representation for subsequently clustered subpopulations
(L) Table summarizing total cell number determined for each identified populatio
See also Figures S2, S3, S7, and S8 and Tables S1, S2, and S4.
Cspatially encrypted patterns in lower-dimensional space (Figures
3C and 3C0). For each of the nine determined cell groups, we
calculated the differences between averaged expression levels
for every gene (DLog2Ex) from apical- versus basal-associated
cells (Figures 3B–3D and S4A show GER-assigned cells as an
example). Each subpopulation was then reanalyzed by PCA, tak-
ing only genes into account with DLog2Ex values >±1, corre-
sponding to an at least 2-fold expression difference between
both anatomical sides (Figure 3C). Upon projection onto PC1
and PC2, cells segregated according to their apical and basal
character, although they did not form two distinct groups (Fig-
ure 3C0). This result agrees with our expectations because all
cells originated from a contiguous structure and most differen-
tially expressed genes occur in gradients along the apex-to-
base axis of the cochlear duct (Lelli et al., 2009; Son et al.,
2012). Calculating the centroid locations for apical and basal-
derived cells within the 2D coordinate system allowed us to
determine a vector along which an apex-to-base gradient might
be represented most accurately. Computations were performed
for all ten possible two-component subspace combinations
considering PC1 through PC5 (Figures 3C00 and S4A). Centroid
distance was then used as measure of maximum separation of
the data with respect to apical/basal distinction. PC1 was
contributingmost to the presumed spatial separation throughout
all cell populations, only the second contributor varied (Figures
S4A and S4B). The method’s robustness was validated by as-
sessing the change of each cell’s relative rank position from
apex to base for all nine populations after varying PC combina-
tions or DLog2Ex threshold values (Figures S4C and S4D).
For the purpose of data visualization, we aligned all nine cell
populations in their respective coordinate space such that the
apex-to-base axis (defined by the centroid-centroid vector)
was presented vertically (Figure 3D). This geometric modification
resulted in the data being rotated into an apical-to-basal orienta-
tion. In an effort to resemble the organ of Corti’s distinctive row
format, we compressed the data set along the abscissa, rank
normalized the distribution of cells, and projected each subpop-
ulation in 1D space. Finally, we assembled the nine cell popula-
tions side-by-side in an order that reflects the medial-to-lateral
anatomical axis (Figure 3E). Prediction of the apex-to-base ac-
curacy was confirmed by projecting data of cochlear duct cells
purposely isolated from the middle turn or from the whole organ,
showing that their location in the map was in agreement with theype-Specific Groups
(I–X); gray boxes indicate intermediate groups and black boxes indicate final
own are projections onto lower-dimensional data space (principal component
oint represents a single cell. Upper left: FACS, gates 1–8. Upper right: variable
a separation. This representation shows the correlation between the first two
ings. Analogous to correlation coefficients, their negative/positive values and
is explained by the component. Second row: for each population expression
ene expression levels range from gray (absent), green (low expression) to red
n for each FACS gate (in percentages). Highest gate contribution for each group
s clusters (black, hair cells; gray, non-hair cells).
.
n.
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Figure 3. Spatial Trajectory Analysis of Organ of Corti Longitudinal
Rows
(A) Schematic illustration and color code. Tissue was dissected into apical and
basal halves prior to cell sorting.
(B and B0) PCA of GER cells (Figure 2J) utilizing all genes regardless of apex-to-
base expression differences. Cells are projected onto PC1/PC2 and color-
coded in blue and orange based on anatomical origin. No obvious segregation
of apical versus basal-derived cells is apparent. (B0 ) Cells colored in light gray
were derived from a few selected control experiments where we explicitly
isolated cells from themiddle turn or from thewhole cochlear duct. This control
was done to validate the accuracy of the methodology and is illustrated in
detail in Figure S5.
(C and C0) PCA of GER cells using only genes that differ by at least 2-fold
expression between apical and basal-derived cells. Upon projection onto
1390 Cell Reports 11, 1385–1399, June 9, 2015 ª2015 The Authorsregion they were dissected from (Figure S5). The resulting digi-
tally reconstructed 2D single cell map of the organ of Corti can
be interrogated to display expression patterns for each of the
192 genes (Figure S6).
In Silico PredictedMap Resembles Organ of Corti In Situ
Composition
The accuracy of the organ of Corti map was assessed by
comparing patterns of fluorescent reporter expression of the
mouse lines used in this study with measured transcript expres-
sion levels. GFP fluorescence from the Atoh1-nGFP mouse line
was detected at two distinct intensity levels using flow cytometry
(Figures 1D, S1A, and S1E). Confocal imaging confirmed high
nGFP expression in IHCs and OHCs, whereas inner border and
inner phalangeal cells displayed lower fluorescence intensity
(Figure 4A). Themean expression of Atoh1mRNA across all cells
in each row-associated population confirmed statistically higher
levels within the two hair cell populations compared to each of
the supporting cell populations (Figures 4A0 and 4G). Neither in-
ner phalangeal cells nor inner border cells showed significantly
elevated Atoh1 mRNA expression levels compared to the re-
maining supporting cell populations (Figure 4G). To demonstrate
clustering accuracy, we projected Atoh1 mRNA levels on all 808
cells, unambiguously illustrating specificity of high Atoh1 mRNA
expression in IHCs and OHCs (Figure 4A00). Next, we projected
only gate 1-sorted cells on the map to highlight that all gate
1-sorted Atoh1-nGFP cells were allocated to IHCs and OHCs
as well as inner border and inner phalangeal cells. Likewise,
high GFP mRNA levels of gate 1-sorted cells were detected in
hair cells, low levels in inner border and inner phalangeal cells
(Figure 4A00). Our interpretation of these observations is that thePC1/PC2, a differential distribution of apical and basal cells is apparent,
though no isolated clusters are formed. (C0) Cells colored in light gray were
derived from a few selected control experiments where we explicitly isolated
cells from the middle turn or from the whole cochlear duct. This control was
done to validate the accuracy of the methodology and is illustrated in detail in
Figure S5.
(C00) Apical and basal centroids were calculated for each population and
centroid distance was determined. This distance measurement was repeated
across all ten combinatorial 2D representations for PC1 to PC5, and the rep-
resentation with largest centroid distance was selected for subsequent anal-
ysis (see Figures S4A and S4B). Cells colored in light gray were derived from a
few selected control experiments where we explicitly isolated cells from the
middle turn or from the whole cochlear duct. This control was done to validate
the accuracy of the methodology and is illustrated in detail in Figure S5.
(D) Data space was rotated such that the centroid-centroid-vector was
orientated parallel to PC1, apex facing up. To accomplish row-format
appearance of the data, it was constricted along the x axis and visualized in a
rank normalized format. Cells colored in light gray were derived from a few
selected control experiments where we explicitly isolated cells from themiddle
turn or from the whole cochlear duct. This control was done to validate the
accuracy of the methodology and is illustrated in detail in Figure S5.
(E) Result of afore-described procedure for each of the nine subpopulations
arranged in medial-to-lateral order (GER–DC3). Cells are projected onto 2D
subspace and colored based on apical (blue) or basal (orange) origin. Cells
colored in light gray were derived from a few selected control experiments
where we explicitly isolated cells from the middle turn or from the whole
cochlear duct. This control was done to validate the accuracy of the meth-
odology and is illustrated in detail in Figure S5.
See also Figures S4 and S5 and Tables S1 and S2.
GFP fluorescence intensity levels as measured by FACS andmi-
croscopy reflect enhancer activity levels of the transgenic Atoh1-
nGFP allele, rather than quantitative Atoh1 mRNA levels as
measured by single cell qRT-PCR. This analysis effectively ex-
emplifies the high level of accuracy of the in silico map.
Sox2-GFP was used as a marker to fluorescently label all or-
gan of Corti supporting cell types in two mouse lines used (Fig-
ures 1E and 1H). Sorting for GFP-positive cells (Figures 1G, 1J,
S1B, and S1C), we identified four different target populations
of high and lower GFP fluorescence intensities (gates 2–5).
High GFP intensity was detectable in all supporting cell popula-
tions whereas the hair cell populations showed less intense
fluorescence (Figure 4B). This was confirmed by statistically
different mean Sox2 mRNA expression between hair cells and
supporting cells (Figures 4B0 and 4G). Projecting Sox2 mRNA
levels onto the organ of Corti map visualized high expression in
the supporting cell populations and an apex-to-base expression
gradient within both hair cell populations (Figure 4B00). The gate
contribution distinctly confirmed that cells sorted from the
Sox2-GFP/Fgfr3-CreERT2/Ai14-tdTomato line in gate 3 display-
ing high GFP fluorescence intensity were allocated to the pillar
and Deiters’ cell populations (Figure 4B00). Gate 4-derived cells
were exclusively assigned to the OHC population with a bias to-
ward the apex, whereas cells sorted from the Sox2-GFP/Glast-
CreERT2/Ai14-tdTomato line in gate 5 were confirmed as GER,
inner border and inner phalangeal cells. Assuming that gate
2-sorted cells would correspond to Fgfr3-negative supporting
cell types, they were correctly linked with GER, inner border,
and inner phalangeal cells. GFP mRNA was detected in all sup-
porting cells from gate 2 to 5.
Lgr5-GFP expression was analyzed to further confirm the
map’s cell-subtype-specific resolution (Figure 4C). We strin-
gently sorted for GFP high-level cells only (Figures 1M and
S1D, gate 6), targeting third row of Deiters’ cells in particular
but also inner pillar, inner phalangeal, inner border, and GER
cells (Figures 1K and 1L). High GFP expression in the target
populations was microscopically confirmed (Figure 4C) and
quantitatively assessed by corresponding statistical differ-
ences of mean expression values of Lgr5 mRNA among all
examined cell groups (Figures 4C0 and 4G). Visualization of
Lgr5 mRNA expression levels at single cell resolution demon-
strates the specificity of the predicted 2D projection, as well as
the correct mapping of the gate 6 sorted cells within the data
set (Figure 4C00).
Glast-CreERT2/Ai14-tdTomato recombination was restricted
to GER, inner border, inner phalangeal, and Hensen’s cells
(Figures 1H and 4D). To isolate GER, inner border, and inner
phalangeal cell populations in the Sox2-GFP/Glast-CreERT2/
Ai14-tdTomato line, we sorted for double positive cells accord-
ingly (gate 5, Figures 1J and S1C). Statistically significant ex-
pression of Glast mRNA (Slc1a3) was found in GER, IBC, and
IPH (Figures 4D0 and 4G). The three Deiters’ cell rows also ex-
pressed Glast mRNA, albeit at moderate levels, however, Cre-
mediated recombination was not detected in Deiters’ cells as
visualized in the gate 5 distribution map and by lack of tdTomato
mRNA expression (Figure 4D00). Combining the Glast and the
Sox2 alleles allowed us to extract the target populations at
high purity, as validated by the computed in situ data projection.CFinally, we used Fgfr3-CreERT2/Ai14-tdTomato in conjunc-
tion with the Sox2-GFP allele to enrich for double positive pillar
and Deiters’ cells (Figures 1E–1G and S1B). Strong tdTomato
fluorescence was detected in both cell types (Figure 4E). This
qualitative finding was quantitatively confirmed by calculating
mean Fgfr3 mRNA expression for each cell population and by
statistical analysis (Figures 4E0 and 4G). The organ of Corti
map mirrored the Fgfr3 mRNA expression domain in pillar
and Deiters’ cell populations and revealed an apical-to-basal
gradient within the OHC population (Figure 4E00). Projecting
gates 3 and 4 sorted cells onto the map showed that both sup-
porting cell populations were associated with gate 3, whereas
preferentially apical OHCs originated in gate 4 only. The specific
primer set that reports recombination at the Ai14-tdTomato lo-
cus also allowed us to measure tdTomato mRNA expression
levels (Figures S2A and S2A0) and detected expression in gates
3 and 4 sorted cells. Moreover, projecting tdTomato expression
levels onto gate 1 sorted Fgfr3-CreERT2/Ai14-tdTomato/Atoh1-
nGFP cells confirmed that recombination in this population
was restricted to OHCs as well (Figure S7A). Imaging of organ
of Corti whole mount preparations confirmed higher rates of
recombination in apical versus basal OHCs, potentially a reflec-
tion of the higher levels of Fgfr3 mRNA expression in the apex
at P2 (Figure 4F). FACS, qRT-PCR, and microscopy data
concurred with each other such that tdTomato intensity was de-
tected at equivalent levels for both hair cell and supporting cell
populations. Expression levels of tdTomato correspond to
Rosa26- rather than Fgfr3-driven transcription (Figures S2A
and S2A0); hence expression in OHCs follows a quasi-binary
pattern governed by recombination activity (Figures 4E–4E00
and 4F).
In conclusion, the expression analysis of reporter gene-based
marker activity validated the spatial accuracy of the organ of
Corti map. Figure S7B illustrates the expression patterns of 16
marker genes previously identified to be associated with specific
cell populations, further illustrating a high level of prediction ac-
curacy. The established organ of Corti map reveals mRNA
expression patterns of individual genes, similar to conventional
mRNA in situ hybridization assays. The novelty lies in the fact
that expression pattern evaluation can be carried out in parallel
for many genes, at single cell resolution, and in readily quantita-
tive format that is digitalized.
Hierarchical Clustering Confirms Subpopulation
Assignments
Successive PCA and k-means clustering resulted in nine sub-
populations associated with different organ of Corti cell types.
To exclude a potential bias introduced by this approach, we
employed hierarchical clustering as an additional unsupervised
statistical approach and visualized the data in conventional heat-
map format. Eleven different hierarchical clusters were found
(Figure 5A). Hierarchical clusters 1 and 2 corresponded to
inner and outer hair cell populations, respectively. Previously
identified inner pillar and outer pillar cells were separated in
hierarchical clusters 3 and 4, respectively, whereas cluster 5
contained Deiters’ cell rows 1 through 3. Cluster 6 matched
inner border and inner phalangeal cells and cluster 7 contained
the GER cell population. Hierarchical clusters 8, 9, 10, and 11ell Reports 11, 1385–1399, June 9, 2015 ª2015 The Authors 1391
Figure 4. Comparative Validation of the Organ of Corti Map
(A–E) For each mouse line expression of GFP and tdTomato is shown in organ of Corti cross-sections. (A0–E0 ) Bar graphs represent mean gene expression levels
per population. (A00–E00) Three in situ maps of the organ of Corti are shown in which individual cells are represented by dots that are color-coded based on marker
gene mRNA expression (top), FACS gate origin (middle), and reporter allele mRNA expression (bottom). Scale bars represent 10 mm.
(legend continued on next page)
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Figure 5. Hierarchical Clustering of All 877 Single Cells
(A) Shown is the result of hierarchical clustering in heatmap format. Seven hierarchical clusters correspond to previously identified sub-groups of cells. Off-target
cells are partitioned into four groups (8–11).
(B) Different levels of metadata information are color-coded and shown is the distribution of this metadata across cells and subclusters to visualize that these
parameters had no confounding effects on clustering.
See also Tables S1 and S2.corresponded to the off target cell populations (Figures S3J and
S3K), which did not contribute to the organ of Corti map. The
seven organ of Corti groups identified by hierarchical clustering
matched the previously determined nine cell populations to a
very high degree (94.64% ± 5.83% SD), but did not resolve dif-
ferences between inner border and inner phalangeal cells and
between the different rows of Deiters’ cells. In addition, clus-
tering was not guided by confounding factors such as the date
of experiment, different FACS gates, or different mouse lines
as indicated by the unbiased spread of cells across and within
the hierarchical clusters (Figures 5A and 5B).
Using the Organ of Corti Map as a Statistical Tool
In an effort to identify genes that are expressed in gradients
along the apex-to-base axis or differentially between subpopu-
lations, we examined the in silico map with statistical methods.
Fgfr3 mRNA expression in OHCs is shown in Figures 6A–6C00
and is used to illustrate our strategy. Along the longitudinal
axis, we partitioned the population into three segments, repre-(F) Confocal images of whole mount preparations of P2 cochleae from Fgfr3-Cr
myosin 7A. Scale bar represents 10 mm.
(G) Statistical analyses of mean expression level differences pairwise among all ni
lines (red, higher mean expression value; green, lower mean expression value).
See also Figures S6 and S7.
Csenting apex, middle, and base with proportionally the same
number of cells per segment. Next, we present the data in an
apex-to-base progression curve by fitting each cell’s associ-
ated expression value as a function of its relative position along
the longitudinal axis. The progress line of the calculated mean
expression for each of the three segmented regions resembled
the fitted curve (Figure 6A). Data rendering was repeated for all
nine organ of Corti subpopulations and visualizes a gradual
decrease of Fgfr3 mRNA expression from apex to base for
OHCs (Figures 6B and 6B0). Next, to identify genes with expres-
sion levels that significantly change between at least two
segments, we employed a binary comparison approach where
we contrasted mean expression levels between apex- and mid-
dle-segment, middle- and base-segment, apex- and base-
segment, as well as between subpopulations (Figure 6C).
This strategy enabled us to identify genes expressed in statis-
tically significant gradients along the longitudinal axis for
each organ of Corti cell type, for example for OHC we found
62 transcripts (Figure 6C0; Table S3). It also allowed us toeERT2/Ai14-tdTomato mice immunolabeled with antibody to hair cell marker
ne cell-type groups. Only p values <0.0001 are shown and indicated by colored
ell Reports 11, 1385–1399, June 9, 2015 ª2015 The Authors 1393
(legend on next page)
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inquire whether there is significantly different expression of a
specific gene between select subpopulations in segment-spe-
cific fashion (Figure 6C00).
Inversely Correlated Signaling Pathway Patterns in
Neonatal Supporting Cells
Regenerative capacities and developmental maturation of sup-
porting cells in the developing organ of Corti are coordinated in
opposing fashion. In agreement with this proposed pattern,
significantly higher mRNA levels of the potassium channel
Kcnj10 (Kir4.1) and gap junction gene Gjb1 (Connexin 32) were
detected in the basal compartments compared to the respective
apical compartments of different supporting cell subtypes (Fig-
ure 6D). Expression of Kcnj10 is an indication of supporting
cell maturation, for which Gjb1 expression at P2 appears to be
also a robust indicator (Hibino et al., 1997; Lo´pez-Bigas et al.,
2002). Similar patterns were detected for the EGF receptor
Itpr2 in all organ of Corti supporting cells except for the third
row of Deiters’ cells, as well as for alpha-type platelet-derived
growth factor receptor (Pdgfra), and Inhba, indicative of in-
creased Activin/Inhibin production in the more mature base in
all organ of Corti cell types except for the GER. The gradients
indicate that these genes could play roles in cellular maturation
or that they are involved in suppression of possible rudimentary
regenerative capability.
In contrast to the apex-to-base increasing gradients, Fgf10
expression followed an inverse pattern with highest levels in
the more immature apex and decreasing expression toward
the base in inner and outer pillar cells, the third row of Deiters’
cells, and in inner phalangeal cells (Figure 6E). Interestingly pillar,
Deiters’ and GER cells expressed Hmga2 in a gradient signifi-
cantly decreasing toward the base. This nuclear protein controls
changes in transcriptional patterns that contribute to pro-prolif-
erative state and self-renewal in fetal cells and stem cells and
has been shown to decline during aging (Nishino et al., 2008),
which could be a distinct indicator of the maturation gradient in
the P2 neonatal organ of Corti.
In summary, utilizing statistical tools we found differentially ex-
pressed candidate genes connected to fibroblast growth factor
(FGF), epidermal growth factor (EGF), platelet-derived growth
factor (PDGF), and transforming growth factor-b (TGF-b)
signaling along the organ of Corti longitudinal axes supporting
the hypothesis that the concerted action of multiple signaling
pathways coordinately modulate maturation and possibly loss
of regenerative ability. This spurred our interest to examine theFigure 6. Identification of Statistically Significant Differences to Revea
The procedure is illustrated using Fgfr3 expression as an example.
(A) Along the apex-to-base axis the OHC population was divided into three comp
base across the three compartments. Compartments’ mean expression values a
(B–C00) (B and B0 ) Application of this strategy to all nine cell groups translates the o
resolving statistical differences between different compartments along the longi
between different cell groups (comparisons 4–6).
(D) Asymmetric gene expression increasing in statistically different manner (comp
Inhba, and Pdgfra.
(E) Fgf10 and Hmga2 show inversely oriented gradients.
(F–H) Notch effectors (Hes5, Hey1, and Lfng), Wnt- (Lgr5, Fzd6, and Dkk3), an
(comparison 4, *p% 0.05) between apical inner pillar cells and apical outer pillar
See also Figure S8 and Tables S1, S2, and S3.
Cdata set for specific pathway-related transcripts that could reveal
more information about the proposed regenerative potential of
one particular neonatal supporting cell type, the inner pillar cell.
Molecular Mechanisms Priming the Regenerative
Potential of Inner Pillar Cells
Neonatal inner pillar cells can reenter the cell cycle, divide, and
differentiate into new hair cells in vivo and in vitro (Cox et al.,
2014; Li et al., 2015; Liu et al., 2012; White et al., 2006). This po-
tential is particularly evident in the cochlear apex. Neonatal
outer pillar cells do not display such increased regenerative po-
tential. To identify genes that may be responsible for the differ-
ential regenerative capabilities, we searched for markers with
significantly differing expression between the apical inner and
outer pillar cell populations. Particularly focusing on the apex,
we found three Notch effector genes, Hes5, Hey1, and Lfng
(Figure 6F), to be significantly lower expressed in apical inner
pillar cells compared to the corresponding compartment in
outer pillar cells. Active Notch signaling represses hair cell
regeneration in the organ of Corti whereas pharmacological
and genetic reduction of Notch signaling promotes the genera-
tion of new hair cells (Korrapati et al., 2013; Li et al., 2015; Miz-
utari et al., 2013). Our data suggest that reduced Notch
signaling in apical inner pillar cells represents a cellular state
that is inversely correlated with the enhanced regenerative po-
tential of those cells.
Beside inhibition of Notch signaling, the activation of Wnt
signaling has been shown to induce hair cell generation in the
postnatal organ of Corti (Chai et al., 2012; Jacques et al.,
2014; Shi et al., 2013). Recent evidence suggests that Notch
signaling suppresses canonical Wnt signaling in Lgr5-express-
ing neonatal cochlear supporting cells and furthermore, that
Notch-inhibition via interaction with the canonical Wnt pathway
results in proliferation and generation of new hair cells from inner
pillar cells (Li et al., 2015). In agreement with this hypothesis, we
found inversely correlating canonical Wnt and Notch candidate
gene expression patterns in inner and outer pillar cells. Wnt re-
ceptor Fzd6 and the Wnt-reporter Lgr5 were significantly higher
expressed in inner pillar cells compared to outer pillar cells (Fig-
ure 6G). In contrast, the Wnt-antagonist Dkk3 was not detected
in the majority of inner pillar cells compared to outer pillar cells
where it was expressed in an apex-to-base gradient. Our find-
ings suggest a primed state of canonical Wnt in inner pillar cells
with lower levels of Notch effectors compared to outer pillar cells
that do not display regenerative potential.l Differential Gene Expression in Organ of Corti Supporting Cells
artments. The plot shows expression data as well as fitted data from apex to
re concurrent with fitted data.
rgan of Corti map into a statistical tool; (C–C00) allowing for 2-fold comparisons
tudinal axis of one population (comparisons 1–3), or within one compartment
arisons 1–3, *p% 0.05) from the base toward the apex for Kcnj10, Gjb1, Itpr2,
d cell-cycle genes (Ccnd1 [Cyclin D1] and Cdk6) are differentially expressed
cells.
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In further support of a Wnt-dependent regenerative priming
of inner pillar cells, we found significantly higher levels of early
cell-cycle transcripts Cyclin D1 and Cdk6 (Coller, 2007) when
compared to outer pillar cells (Figure 6H). In addition, Cyclin
D1 in inner pillar cells was significantly higher expressed in
the apex compared to the base. No statistically significant in-
crease of expression for late cell-cycle markers including Cyclin
B1, Cyclin A2, or Pcna was detected. Consolidation of these
quantitative gene expression analyses suggest that reduced
Notch activity correlated with elevated Wnt signaling and
elevated levels of early cell-cycle genes synergistically define
a primed regenerative state that specifically endows apical,
neonatal inner pillar cells with the ability to re-enter the cell
cycle.
Developmental Gradients and Emerging Tonotopy in
Hair Cells
Maturation of hair cells happens in a gradient from apex-to-base
at multiple levels ranging from changes in hair bundle mor-
phology to functional maturation of the mechanoelectrical trans-
duction machinery (Lelli et al., 2009; Waguespack et al., 2007).
Markers expected in mature hair cells, like Otof, Ptprq, and
Clrn1 were expressed in gradients significantly increasing
from the apex toward the base (Figure 7A). In addition,
Calb1, Calb2, and Ocm, encoding mobile calcium buffers cal-
bindin, calretinin, and oncomodulin, respectively, as well as the
voltage-gated calcium channel CaV1.3 (Cacna1d) exhibited gra-
dients with similar orientation (Figures 7B and 7C). Conversely,
genes related to assembly of the hair bundle apparatus such
as beta actin (Actb), Myosin 15, and protocadherin 15 (Pcdh15)
showed highest expression levels in the apex (Figure 7D) where
bundle growth and assembly appears to require significant
mRNA levels of these genes at this neonatal time (Kaltenbach
et al., 1994). Interestingly, we identified a group of genes, exten-
sively studied during early otic development (Hidalgo-Sa´nchez
et al., 2000; Ozaki et al., 2004; Radde-Gallwitz et al., 2004), to
be expressed in maturing hair cells (Figure 7E). Coinciding with
gradual maturation, expression of these genes decreased from
apex to base.
DISCUSSION
Known for more than a century and a half (Retzius, 1884), or-
gan of Corti cells have resisted extensive molecular interroga-
tion because they are not only rare but also encased in highly
dense bone. For molecular and cellular biology of the inner
ear, single cell gene expression analysis offers an unprece-
dentedly powerful tool that has the potential to annihilate ex-
isting obstacles. Here, we present a strategy for data analysis
to generate a 2D map of the mammalian organ of Corti at sin-
gle cell resolution that allows researchers to assess expres-
sion patterns for many genes in parallel in a quantitative and
digital framework. This approach is not specific to the inner
ear and can theoretically be applied to many organ systems
that consist of multiple cell types and well described spatial
organization.
When compared with known expression patterns of cochlear-
specific genes, the generated 2Dmap of the neonatal mouse or-1396 Cell Reports 11, 1385–1399, June 9, 2015 ª2015 The Authorsgan of Corti displayed remarkable robustness and accuracy.
Along the medial-to-lateral axis, we were able to conclusively
differentiate between virtually all major cell types of the organ
of Corti as shown by k-means clustering and principal compo-
nent analysis and confirmed this result with hierarchical clus-
tering. Additional separation of cells such as in the GER popula-
tion, the individual rows of OHCs and the first and second row
of Deiters’ cells was not possible due to the lack of definite
markers. Conceivably, RNA sequencing (RNA-seq) would be
needed to potentially identify distinguishing marker genes that
differentiate between these rows. For all other cell types, display-
ing the cells in row format is equivalent to the native configuration
as in the organ. For computing the apex-to-base axis of themap,
we developed a strategy that establishes spatial-related trajec-
tories. The basis of this algorithm features the usage of lower-
dimensional variable space images that derive from asymmetric
gene expression information between two classes of cells, here
the cochlear apex and base. Similar, but also distinctively
different to recently introduced concepts (Durruthy-Durruthy
et al., 2014; Trapnell et al., 2014) that exploit temporally defined
gene expression differences to establish trajectories in time, we
were able to order cells along an axis that represents space. For
this strategy, no pre-defined markers were required, and the
generated maps were highly consistent with known gene
expression information along the longitudinal cochlear axis (Lelli
et al., 2009; Son et al., 2012). Segmentation allowed us to
examine significantly different gene expression between com-
partments of specific organ of Corti cell types. Applying the
same strategy to resolve the medial-to-lateral axis was initially
considered, but micro-dissection of the organ of Corti reliably
into medial and lateral compartments was not feasible for tech-
nical reasons.
We used the map to explore whether we can identify genes
that provide mechanistic insight into two important biological
topics, sensory hair cell regeneration and cochlear tonotopy.
We identified a candidate mechanism that explains regenera-
tive predisposition in inner pillar cells, which appear to be
primed for a canonical Wnt-mediated cell-cycle re-entry that
is suppressed but not to the degree of complete inhibition by
well-balanced low level Notch activation. This primed state,
probably a relic of delayed developmental maturation in the
apex, is transient and disappears when supporting cells
mature. Higher expression of genes associated with a more
advanced cellular differentiation state was found in the basal
segment, which supports this assumption. We also identified
gradients in genes that are involved in maturation of hair cells,
an indication of establishment of cochlear tonotopy. Rodent
hair cells mature in precisely controlled fashion where hair
bundle morphology and acquisition of mature physiological
features are initially more advanced at the base and over the
course of days reach the cochlear apex (Lelli et al., 2009; Wa-
guespack et al., 2007). Conceivably, one can also use the pop-
ulation-specific gene expression data to identify correlated and
anti-correlated genes or gene classes that characterize any of
the nine organ of Corti cell groups. An example for such corre-
lation analysis is shown in Figure S8. We note that the number
of preselected genes for this study (192) limits the overall power
of this type of analysis. Whole transcriptome data derived from
Figure 7. Gene Expression Gradients in Organ of Corti Hair Cells
(A) Genes expected to be expressed inmature hair cells including Otof (Otoferlin), Clrn1 (Clarin1), and Ptprq show increasing expression levels from apex to base.
(B) Calcium binding proteins Calb1 (Calbindin), Calb2 (Calretinin), and Ocm (Oncomodulin) are expressed in gradients with the same orientation.
(C) As shown for calcium channel Cacna1d (CaV1.3) as well.
(D) Hair bundle genes like Actb (beta-Actin), Myo15 (Myosin15), and Pcdh15 (Protocadherin 15) are significantly higher expressed in the apex compared to the
base. The same pattern is present for four transcription factor genes (Isl1, Dach1, Eya2, and Pax2).
See also Figure S8 and Tables S1, S2, S3, and S4.RNA-seq studies, on the other hand, would provide a viable op-
portunity to investigate gene-to-gene relationships in a rather
complete fashion. Correlation coefficients for all genes in organ
of Corti cell type-specific manner is provided in Table S4 for the
interested reader.
In summary, we present a method to reconstruct spatial core
features of a complex organ. We used the organ of Corti as anCexample to illustrate the power and usefulness of this approach,
yet its field of applications can be applied to other organs. Devel-
opment and functional maturation of cells in multicellular organ-
isms is entwinedwith dynamic changes of gene expression along
temporal as well as spatial trajectories. Practical ways to interro-
gate these dynamics adequately and in high-enough throughput
are lacking and the present study addresses this deficit.ell Reports 11, 1385–1399, June 9, 2015 ª2015 The Authors 1397
EXPERIMENTAL PROCEDURES
Animal Breeding
Four different mouse lines were generated from six different alleles: Atoh1-
nGFP (Lumpkin et al., 2003), Sox2-GFP (Jax: 017592), Lgr5-EGFP-IRES-
CreERT2 (Jax: 008875), Fgfr3-CreERT2 (Young et al., 2010), Glast-CreERT2
(Jax: 012586), and Ai14-tdTomato (Jax: 007908). Pups were injected with
tamoxifen (0.2 mg/g) at P0 and dissected at P2. Procedures involving animals
were performed in accordance with institutional and governmental regulations
and were approved by the Stanford University Institutional Animal Care and
Use Committee.
Cell Isolation and Sorting
Cochlear ducts were microdissected as one piece (full 1.8 turn) or divided into
either two parts (apex/base, each0.9 turns long) or three parts (apex/middle/
base, each 0.6 turns long). Apportioned tissues were enzymatically and me-
chanically dissociated and passed through a strainer for removal of clumps.
Gating strategy was designed to maximize capture of one individual live cell
per well (Figure S1). For details see Durruthy-Durruthy et al. (2014).
RNA Processing and Single-Cell qRT-PCR
RNA was processed and analyzed by qRT-PCR as described previously (Dur-
ruthy-Durruthy et al., 2014). For assay composition, see Table S2.
Confocal Microscopy
Specimens were fixed with paraformaldehyde (4%) for 2 hr and analyzed as
cryosections or whole mount preparations using DAPI as a nuclear stain and
antibody to myosinVIIa (Axxora) to label hair cells. Imaging was performed
with a confocal laser-scanning microscope (LSM700, Zeiss).
Data Analysis
Analysis was conducted with R software andMicrosoft Excel. See the Supple-
mental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
eight figures, and four tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2015.04.062.
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